Based on the enhanced electron-hole recombination rate generated by surface plasmon (SP) waves of Au nanoparticles (NPs) and electrons transferred from CdSe quantum dots (QDs) to Au NPs, we propose a mechanism to elucidate the luminescent behavior in Au and CdSe nanocomposites. With our proposed model, the enhancement of the spectrally integrated PL intensity can be manipulated by up to a factor of ∼33, the largest value ever reported. Our study can be used to clarify the ambiguity in controlling the light emission enhancement and quenching of semiconductor nanocrystals coupled with the SP waves of metal NPs. It should be very useful for the creation of highly efficient solid-state emitters.
Introduction
As a result of the quantum-confinement effect, semiconductor quantum dots (QDs) can emit light fine-tuned in the visible spectrum and beyond [1] . Because of their spectral tunability, large quantum efficiency, and photo-stability, semiconductor QDs have been extensively studied for a wide variety of potential applications such as light emitters [2, 3] , fluorescent labels [4, 5] and photocatalysis [6] .
Surface enhanced Raman scattering has been exploited as a basis for ultra-sensitive analyses in molecular science, biology and medicine [6] [7] [8] [9] . In particular, recent advances in metal nanostructures have initiated an entirely new branch of photonics based on surface plasmons [8] . Intuitively, one expects that many interesting physical phenomena could be observed if the characteristic behavior of metal nanoparticles (surface plasmon) and semiconductor QDs (strong luminescence) can be integrated [10] . Consequently there have been numerous studies on the emission enhancement in nanocrystal chromophores under different environments [6, [10] [11] [12] . However, quenching rather than enhancement of the QD emission by metal nanoparticles (NPs) is often observed [6] . Even though there has been some success, the optical emission enhancement via surface plasma-quantum dots (SP-QDs) coupling is rather limited (<5 fold) [10] [11] [12] . It is believed that the unambiguous determination of the mechanism for the observed emission enhancement and quenching will yield new insights into the basic aspects of the interaction between the electromagnetic waves and the charged particles in metal-semiconductor nanocomposites. In addition, it will allow us to optimize the optical emission enhancement and to better implement nanocomposites in biological and solid-state device applications. In this paper, a unifying model is proposed to resolve the physical origin of the optical enhancement and quenching observed in Au/CdSe nanocomposites, which consequently offers excellent prospects for controlling the emission behavior in semiconductor QDs. For example, by varying the size of the CdSe QDs, and the concentration of the added Au NPs, we are able to achieve an enhancement ratio of spectrally integrated photoluminescence (PL) intensity of up to ∼33. Our results therefore provide a great opportunity for creating highly efficient optoelectronic devices.
Experiments
Au colloids were synthesized based on the method described in [13] . CdSe QDs with different radii were synthesized and purified according to the procedure reported in [14] . Equal amounts of CdSe powder were stuffed into cylindrical cavities of 0.3 cm in diameter and 0.15 cm in depth, and equal numbers of drops of Au colloids with different molar concentrations were added. The samples were then allowed to dry completely, before room temperature PL data were recorded. The PL spectra were measured using a SPEX Flurolog-2 instrument equipped with a double emission monochromator and an R928 photomultiplier tube. Excitation was provided by an ∼450 W Xe lamp whose output was focused into a 0.22 m monochromator to provide appropriate wavelength selection. Unless otherwise stated, the photoexcitation wavelength was fixed at 400 nm.
Results and discussion
Figure 1(a) shows the PL spectra of CdSe QDs before and after adding 18-nm-diameter Au NPs with two different Au/CdSe nanoparticle ratios of 1/1200 and 1/6000. The PL spectrum for CdSe QDs peaks at 555 nm. As shown in figure 1(a) , the peaks of the PL spectra for CdSe QDs are blue-shifted (66 and 98 meV) after the addition of Au NPs. In order to obtain the PL enhancement spectra R(λ), the PL spectra of CdSe QDs and Au NPs are divided by that for CdSe QDs as shown in figure 1(b) . Surprisingly, we found that the maxima of the PL-enhancement ratios are always at ∼510 nm, independent of the amount of the blue-shift in the PL spectra. The PL enhancement spectra have very narrow line widths, and are confined mostly in the region between 470 and 530 nm, which corresponds to the transition energy of excited states in CdSe QDs [15] . Figure 1(c) shows the PL spectra for CdSe QDs upon adding 3-nm-diameter Au NPs. As shown in figure 1(d) , the PL-enhancement ratio also exhibits a similar distribution between 470 to 530 nm, and peaks at 510 nm. All of the data shown in figure 1 suggest that the R(λ) spectrum is an intrinsic property of CdSe QDs, because they show very little dependence on the size of the added Au NPs.
To further study the physical origin of the observed PL enhancement, we have measured the PL spectra for CdSe QDs with different sizes, before and after the addition of 3-nmdiameter Au NPs with a Au/CdSe particle ratio of 1/240, as shown in figure 2(a) . Before the addition of Au NPs, for simplicity, the CdSe QDs with a PL peak around 555 nm are denoted as CdSe 555, and so on. We note that the PL intensity can be either enhanced or reduced, depending on the size of the CdSe QDs as shown in figure 2(a) . The enhancement factor distribution R(λ) shown in figure 2(b) illustrates the dependence on the size of the CdSe QDs. We can see that at λ ∼ 529 nm the R(λ) for sample CdSe 572 is ∼130, which is the largest value ever reported. In order to compare this with the results published previously, we have calculated the enhancement ratio of the spectrally integrated PL intensity, which is as large as 33 times. This value is also much larger than previous measurements [10] [11] [12] .
Before further discussion, we first examine some important properties of the added Au NPs since they drastically affect the light emission of CdSe QDs. The absorption spectrum of 3-nm-diameter Au NPs is shown in the inset of figure 2(b). We can see that the peak energy of the surface plasmon resonance of Au NPs is in excellent agreement with that of the maximum of the PL-enhancement ratio of sample CdSe 572. We also note that when the peak energy of R(λ) for CdSe QDs gets closer to the Au SP energy, the maximum of the PL-enhancement ratio is larger. Our results thus strongly suggest that in order to have an optimized PL-enhancement ratio from CdSe/Au nanocomposites, the energy difference between the electron and hole states in CdSe QDs has to be close to the SP energy of Au NPs.
In order to provide a thorough understanding of the mechanisms for the observed PL enhancement and quenching effects, we study the PL enhancement spectrum R(λ) for sample CdSe 572 upon adding various concentrations of Au as shown in figure 3 . As one can see, the PL-enhancement ratio reaches a maximum value when the Au/CdSe nanoparticle ratio has a value of 1/240. Note that the signal of the 700 nm band shown in figure 3 arises from defect emission [16] . We now proceed to pinpoint the key factors responsible for the enhancement and quenching of the light emission from CdSe QDs. As shown in figure 2 , the size of the CdSe QDs is one of the dominant factors. According to the data shown in the inset of figure 2(b) , we conclude that the size of the CdSe QDs can be used to fine-tune the effective transition energy of the CdSe QDs close to the SP energy of Au NPs. It has been proposed that the locally enhanced electromagnetic field due to the SP waves of Au NPs can result in a more effective QD excitation [11] . Therefore, through the resonant excitation by the SP waves of Au NPs, the PL emission intensity of the CdSe/Au nanocomposites is enhanced. We then consider the influence of Au NP concentration. It is well known that the SP-quantum well (QW) coupling increases with decreasing metal-QW distance. Here we point out that the concentration of added Au NPs can be used to determine the average separation between CdSe QDs and Au NPs. Initially, both the PL intensity and R(λ) are expected to increase as the concentration of added Au NPs increases due to the increased local field by Au surface plasmons. However, the distance between CdSe QDs and Au NPs also dictates the ability to transfer electrons from the conduction band edge of CdSe QDs to the Fermi level of the NPs. It is well established that the emission quenching originates mainly from the electron transfer from semiconductor QDs to metal NPs [6] . Thus, as the concentration of Au NPs exceeds a certain threshold, CdSe QDs and Au NPs would be so close to one another that electrons can now easily transfer from QDs to Au particles, resulting in a quenching of the emission [6] . Therefore, upon reaching the maximum value, a further increase in the Au concentration will result in a decrease of the PL-enhancement ratio, due to the enhanced electron transfer rate from the conduction band of the CdSe QDs to the Au NPs. This behavior is clearly revealed by our experimental result as shown in figure 3 . According to our study, when we take the threshold ratio Au/CdSe = 1/240 into account and assuming that the occupation of gold nanoparticles uniformly spreads over all of the cavity, the threshold distance between CdSe and Au in our experiments is estimated to be around 10 nm, which is consistent with the results of Gueroui et al [17] . Finally, in order to clearly illustrate our proposed mechanism, a brief diagram for the enhancement and quenching of the emission is shown in figure 4 . It shows that the optical enhancement and quenching are a consequence of the interplay between electron-hole pairs generated by the SP waves of Au NPs and electron transfer from CdSe QDs to Au NPs.
Conclusion
In summary, it was found that the enhancement and quenching of the emission from composites of CdSe QDs and Au NPs are a result of the interplay between the increased QD excitation and electron transfer from CdSe QDs to the Fermi level of Au NPs. Based on our proposed mechanism, through careful manipulation, the PL-enhancement ratio of spectrally integrated intensity can be optimized up to ∼33, which is the largest value ever reported to date. Our experimental result therefore clarifies the ambiguity in controlling the emission enhancement of semiconductor nanocrystals coupled with surface plasmon waves, and it should be very important for future application in optoelectronic devices.
